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摘  要 








为 0.008 wt%时有着最佳的催化性能，并且在其上得到了 5.6 s-1的甲醛生成TOF，
该值是迄今为止所报道的最高值。针对Fe/SBA-15 的研究表明，相同反应条件下，
当Fe含量为 0.05 wt%时有着最高的甲醛收率（1.9%）。结合反应结果和XRD表征




针对 0.008 wt% Cu/SBA-15 和 0.05 wt% Fe/SBA-15 上的脉冲实验研究表明，
甲烷可以与其中的晶格氧反应，但产物为COx，并没有甲醛生成。气相分子氧的


























This dissertation focuses on the studies of the selective oxidation of methane to 
formaldehyde over Cu/SBA-15 and Fe/SBA-15 catalysts. The nature of the active 
sites has been elucidated through the correlation of catalytic behaviors and 
characterizations of these catalysts. Kinetic measurements and pulse studies have 
been exploited to study the reaction mechanisms over these two kinds of catalysts. 
The comparison of the catalytic performances of SBA-15-supported various 
transition metal species (the mole ratio of transition metal to silicon is 1/13200) 
showed that HCHO yield and turnover frequency (TOF) for HCHO formation over 
the Cu/SBA-15 and Fe/SBA-15 catalysts were higher than other transition 
metal-containing catalysts. The optimization for the Cu/SBA-15 catalysts with 
different copper contents revealed that the best catalytic performance was obtained 
over the sample with a Cu content of 0.008 wt%. The TOF for HCHO formation 
could reach to 5.6 s-1 over this catalyst, which was remarkably higher than those 
reported to date. For the series of Fe/SBA-15 catalysts with different Fe contents, the 
highest HCHO yield (1.9%) was gained over the sample with an Fe content of 0.05 
wt%. As the Cu and Fe contents were increased to 1.0 wt% and 4.6 wt%, respectively, 
CuO and Fe2O3 crystallites were observed from XRD, and these crystallites could 
catalyzed the deep oxidation to COx. This was different from the result observed over 
the MoOx/SBA-15 catalyst, where the MoO3 clusters enhanced the HCHO formation. 
We conclude that the highly dispersed copper and iron sites, especially the isolated 
CuII and FeIII sites, are responsible for the selective oxidation of CH4 to HCHO. 
The reaction of the lattice oxygen with CH4 pulses over the 0.008 wt% Cu/SBA-15 
and 0.05 wt% Fe/SBA-15 suggested that the lattice oxygen was not responsible for 
HCHO formation. The pulse reaction using (CH4 + O2) pulses over Cu/SBA-15 could 
produce HCHO, and we found that both CH4 conversion and HCHO selectivity 
increased significantly with the pulse numbers at the initial stage. It was of interest 
that the pulse number to reach the constant CH4 conversion and HCHO selectivity 
(induction period) decreases with decreasing the P(O2)/P(CH4) in the pulse, or with 
introducing a small amount of H2 into the (CH4 + O2) pulse. The same phenomenon 
was also observed over the 0.05 wt% Fe/SBA-15 catalyst if the P(O2)/P(CH4) in the 
pulse was sufficiently low. EPR characterizations confirmed that the CuII and FeIII in 
the catalysts could be reduced by CH4. EPR studies also demonstrated that a part of 
CuII and FeIII sites underwent reductions during the flow reactions and the pulse 
reactions. On the basis of the results described above, we speculate that the reduced 
Cu or Fe sites (i.e. CuI or FeII) may participate in the activation of molecular oxygen, 
forming an active oxygen species for the conversion of CH4 to HCHO. 
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煤、石油和天然气等矿物质资源是世界能源和现代化学工业的主要支柱。煤











量为 83% ~ 99%。表 1-1 列出了全球常规天然气资源和甲烷水合物资源的分布情
况[2]，从表中可以看出，全球常规天然气总资源约有 310.3 万亿立方米。2001 年
世界天然气的消费量达到 24046 亿立方米，在世界能源消费结构中的比例达到
24%以上。有专家预测，在大多数工业发达国家中，天然气在矿物能源消费总量
构成中所占的比例将在 2020 年后达到 40%~50%，成为本世纪的首席能源[3]。 
1934 年Hammerschmidt首先在堵塞的天然气运输管道中发现了甲烷水合物
（Methane Hydrate）[4]，又称之为可燃冰或固体甲烷。其是由甲烷和水在低温高
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Table 1-1 Conventional and hydrated gas resources in trillion cubic metres [2]. 
Region Conventional gas (TCM) 
Methane Hydrate 
(TCM) 
North America 32.82 6853 
Latin America and Caribbean 21.1 5139 
Western Europe 15.27 856 
Central and Eastern Europe 2.05 0 
Former Soviet Union 117 4711 
Middle East and North Afica 77.2 214 
Sub-Saharan Africa 13.9 429 
Central Asia and China 10.07 429 
Pacific OECD 2.68 1713 
Other Pacific Asia 11.18 214 
South Asia 4.72 428 
Total 310.3 20987 










为离域分子轨道理论来看，甲烷分子有 4 个成键轨道和 4 个反键轨道，其中甲烷
分子的 高已占轨道（HOMO）能量很低（E = -15 ~ -12 eV），因此很难从甲烷
分子中取出一个电子；并且甲烷分子的 低空轨道（LUMO）能量高达 9.80 eV，
所以也很难接受外来电子，所以从能量的角度来看甲烷分子难以活化。另外在动
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Table 1-2 Some physical properties of methane [1, 4, 8]. 
Property Value 
m. p. -182.6 oC 
b. p. -161.6 oC 
triple point  
Temperature -182.55 oC 
Pressure 11.65 MPa 
first ionization potential 13.16 eV 
second ionization potential 19.42 eV 
pKa (estd) ca. 40 
Structure 
C-H bond length (e diff) 1.1068 Å 
H---H distance 1.8118 Å 
Spectroscopy 
C-13 NMR shift -2.3 ppm 
J(C-H) 125 Hz 
Vibration Spectroscopy 
Vibration mode Wavenumbers /cm-1
sym stretch 2917 (IR inactive) 
deg deform 1534 (IR active) 
deg deform 1306 (IR active) 
deg stretch 3020 (IR active) 
 



















Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
